SUMMARY Although ,t-adrenergic blocking agents reduce myocardial oxygen consumption and symptoms of myocardial ischemia in patients with coronary artery disease (CAD), propranolol has been reported to exacerbate coronary artery spasm in some patients with variant angina. To determine whether increased coronary vasomotor tone can be induced by 3-adrenergic blockade, we measured the changes in coronary vascular resistance (CVR) during cold pressor testing (CPT) in 15 patients, nine with severe CAD and six with normal left coronary anatomy, before and after i.v. propranolol (0.1 mg/kg). Coronary blood flow was measured by coronary sinus thermodilution. CVR was calculated as mean arterial pressure divided by coronary sinus blood flow. Heart rate was maintained constant at a paced subanginal rate of 95 + 5 beats/min.
We conclude that ,B-adrenergic blockade with propranolol can potentiate coronary artery vasoconstriction in some patients with CAD, possibly mediated by unopposed ct-adrenergic vasomotor tone. These changes may be important in patients in whom intense adrenergic stimulation may increase coronary artery tone and adversely influence the balance between myocardial oxygen supply and demand.
COMPELLING EVIDENCE suggests that myocardial ischemia may be induced by a reduction in myocardial oxygen supply due to coronary artery spasm. Primary decreases in coronary blood flow associated with abnormal coronary vasomotor reactivity have been found to occur not only in variant angina, I but also in classic and unstable angina,2 3 cold-induced angina,4 exercise-induced angina5 6 and myocardial infarction. 7 8 The mechanism of such variation in coronary artery vasomotion is unknown, but several studies have implicated a central role for the adrenergic nervous system. [9] [10] [11] [12] [13] [14] [15] [16] Studies in animals have shown that coronary artery vasoconstriction and increases in coronary vascular resistance can be elicited by sympathetic stimulation after 13-adrenergic blockade.'2'2 1'1 Clinical studies of patients with variant angina have shown exacerbation of coronary spasm after subcutaneous administration of epinephrine in patients receiving propranolol.'1 Beta-adrenergic blockade with propranolol reportedly prolongs myocardial ischemia in patients with documented vasospastic angina pectoris, presumably by inhibiting, through nonselective /3-adrenergic blockade, ,8-mediated coronary artery vasodilation and leaving a-adrenergically mediated vasoconstriction unopposed. 1121 Using the sympathetic stimulus of cutaneous cold and directly measuring coronary blood flow, we studied the effect of /-adrenergic blockade on the coronary vasomotor response in patients with coronary artery disease (CAD) during cold pressor testing (CPT), challenging the hypothesis that /8-adrenergic blockade in the setting of increased sympathetic stimulation would leave a-mediated tone unopposed and potentiate coronary artery vasoconstriction.
Methods

Patients
We studied 15 patients who had classic angina pectoris or atypical chest pain and were undergoing diagnostic cardiac catheterization. The exclusion criteria were unstable angina, coexistent valvular heart disease, severe 
Protocol
The investigational protocol and consent form were approved by the Human Subjects Committee of the Brigham and Women's Hospital. After the patients gave informed consent, treatment with 3-adrenergic blocking agents was withheld for at least 12-24 hours before cardiac catheterization, and long-acting nitrate preparations were withheld for at least 6 hours before catheterization. Before coronary arteriography, all patients received 0.4 mg of sublingual nitroglycerin and six also received 0.5 mg of i.v. atropine.
Fifteen minutes after completion of the diagnostic cardiac catheterization and coronary angiography, a #8F coronary sinus thermodilution pacing catheter (Wilton Webster Laboratories) was inserted into an antecubital vein and advanced under fluoroscopic guidance to the coronary sinus. The location of the catheter was confirmed by a 3-5-ml injection of radiographic contrast material. The position of the patient and catheter were held constant throughout each study, and stable coronary sinus catheter position during the study was confirmed by fluoroscopy.
Pulmonary capillary wedge pressure was measured with a #7F balloon-tipped catheter introduced through an antecubital or femoral vein. Mean and phasic arterial pressures were measured with a femoral arterial catheter. Arterial and coronary sinus blood oxygen content was measured using a fuel cell method (Lex-02-Con, Lexington Instruments). Arterial and coronary sinus lactate concentration were measured by an enzymatic spectrophotometric method. All pressures, coronary flow signals and the ECG were recorded on an optical strip-chart recording system (Electronics for Medicine). ' After placement of the coronary sinus and pulmonary arterial balloon-tipped catheters, phasic and mean arterial pressure, pulmonary capillary wedge pressure, heart rate and coronary sinus blood flow were measured (1) at rest, (2) durin'g pacing with electrodes on the coronary' sinus catheter at a constant subanginal heart rate (95 ± 5 beats/min) to eliminate the influence of heart rate changes on coronary sinus blood flow determinations, and (3) at the identical paced heart rate, during CPT. CPT consisted of immersing the patient's hand and forearm in ice water for 60 seconds. 4 22 After control recordings were obtained and hemodynamics returned to baseline, i.v. propranolol, 0.1 mg/kg, was administered in three divided doses, each over 2 minutes with a 2-minute observation period between doses. This dosage has been used by other investigators to achieve clinical 83-adrenergic blockade.23 Heart rate, ECG, pulmonary capillary wedge and arterial blood pressure were monitored, and propranolol administration was to be terminated if there was evidence of PR prolongation greater than 0.24 second or second-or third-degree atrioventricular block, more than a 5-mm Hg rise in pulmonary capillary wedge pressure from control, a fall in heart rate to less than' 45 beats/min, or a fall in' systolic arterial pressure' of more than 15 mm Hg from control. However, no patient required termination of propranolol administration.
Ten minutes after the last dose of propranolol, repeat measurements of heart rate, mean arterial pressure, pulmonary artery pressure, coronary sinus blood flow were made at rest, at the identical paced subanginal heart rate, and during CPT at the identical heart rate.
In eight patients, arterial and coronary sinus blood samples' were simultaneously obtained to determine oxygen content and lactate concentration during control pacing and CPT before and after propranolol administration.
Data Analysis
Coronary where TM = temperature of the blood and 5% dextrose/water injectate, T1 = temperature of the injectate, TB = temperature of blood, K = constant of specific heat and density of blood and injectate (1.08), and Q = infusion rate of injectate (38-40 ml/min). Coronary vascular resistance was calculated as the quotient of mean arterial pressure and coronary sinus blood flow. The arterial-coronary sinus oxygen content difference was expressed in ml oxygen/dl blood. The patients were divided into two groups based on the extent of CAD in the left coronary artery system. Three patients with isolated right CAD and no collateral blood flow from the left coronary system were included in the normal population (group 1) because the coronary sinus thermodilution technique primarily measures left coronary artery efflux. Group 2 had significant stenoses of left anterior descending and circumflex coronary arteries. Significant coronary artery stenosis was defined as greater than 70%'1uminal narrowing assessed by coronary arteriography.
Statistical Analysis
The effects of propranolol before and after CPT were assessed by analysis of variance. Whenever such analysis indicated a significant contribution of a particular variable to total sample variability, subsequent comparisons between groups were performed using the appropriate paired or unpaired two-tailed t test. The results are expressed as mean + SEM.
Results
Clinical Data
The clinical features and diagnostic catheterization data of the patients are summarized in table 1. Of the 11' patients who had received /3-adrenergic blocking agents before the study, eight had received propranolol (mean dose' 192 ± 62 mg/day), two metoprolol (100 mg/day) and one nadolol (80 mg/day).' Metoprolol and nadolol were withheld for at least 24 hours before the study. Angina occurred durning the initial CPT in one patient and after the postpropranolol CPT in one patient. The hemodynamic responses during CPTs be- At rest, the mean heart rate for all patients decreased from 71 ± 3 beats/min to 64 + 2 beats/min (p < 0.01) after propranolol. There was no significant change in mean arterial blood pressure (from 100 + 3 to 99 ± 2 mm Hg), pulmonary capillary wedge pressure (from 12 ± ito 13 ± 1 mm Hg), coronary sinus blood flow (from 89 ± 9 to 80 ± 12 ml/min) or coronary vascular resistance (from 1.32 ± 0.12 to 1.38 ± 0.15 mm Hg-min-ml-'). There was no significant difference in these variables between patient groups.
Control Pacing and Cold Pressor Responses to Propranolol in Normal Patients
The hemodynamic responses to CPT before and after propranolol for the normal-population are shown in figure 1 . During CPT before propranolol, mean arterial pressure rose 16%, from 103 ± 4 to 122 ± 2 mm Hg (p < 0.01) and coronary sinus blood flow increased 14%, from 105 ± 14 to 120 ± 13 ml/min, p < 0.05). Thus, in the normal patient group, the calculated coronary vascular resistance remained unchanged (1.09 + 0.18 vs 1.08 + 0.17 mm Hg-minml -1).
During CPT after propranolol, there was a similar rise in mean arterial pressure (from 105 ± 4 to 122 ± 3 mm Hg, p < 0.01) and coronary sinus blood flow (from 114 ± 18 to 130 ± 30 ml/min, NS) and a nonsignificant increase of 9% in coronary vascular resistance (from 1.06 ± 0.20 to 1.16 ± 0.22 mm Hg min ml-l). The product of heart rate times mean arterial pressure was similar with CPT before and after propranolol.
Control Pacing and Cold Pressor Responses to Propranolol in CAD Patients
Patients with severe CAD (group 2) had a substantially different response to CPT than the normal population ( fig. 2 ). During CPT, both before and after propranolol, the mean arterial pressure rose 17% (from 107 ± 4 to 125 ± 4 mm Hg before and from 105 ± 3 to 125 ± 3 mm Hg after propranolol). However, in contrast to the normal response before propranolol, CPT did not increase coronary sinus blood flow (128 ± 26 vs 128 ± 24 ml/min). Thus, coronary vascular resistance increased by 15% (from 1.09 + 0.20 to 1.25 ± 0.21 mm Hg-min-ml-', p < 0.02). More importantly, after propranolol, the CPI elicited a 9% fall in coronary sinus blood flow (from 123 ± 33 to 13 ± 28 ml/min, p < 0.05). After propranolol, coronary vascular resistance increased from 1.32 ± 0.30 to 1.61 ± 0.32 mm Hgmin-ml-' (p < 0.01); this 29% increase is significantly greater than the 15% increase during CPT before propranolol (p < 0.01). Myocardial oxygen consumption, as assessed by the product of heart rate and mean arterial pressure during CPT, was the same before and after propranolol.
To evaluate the effects of propranolol on coronary vascular resistance in relation to underlying CAD, we assessed individual patient responses in the two groups by analysis of variance. Propranolol was associated with an increased coronary vascular resistance during CPT in both groups. The magnitude of the increase in coronary vascular resistance after propranolol was not significantly different between the two groups.
Propranolol induced no measured changes in arteriovenous oxygen difference or lactate extraction, nor did it modify the effects of the CPT on these variables. There was no significant correlation between changes in transcoronary oxygen difference in individual patients and the changes in coronary vascular resistance in response to propranolol. The double product during CPT was the same before and after propranolol in both groups.
Discussion
The results of the study indicate that /-adrenergic blockade with propranolol leads to an accentuation of coronary vasoconstriction during the adrenergic stimulus of the CPT. Our findings are in agreement with clinical reports of exacerbation of coronary vasospasm by /3-adrenergic blockade in some patients with variant anginal9 20 and other investigators who have demonstrated coronary vasospasm after propranolol during sympathetic stimulation with exercise or with subcutaneous injection of epinephrine, a mixed a-and 13-adrenergic agonist. 5 precise effect of ,3-adrenergic blockade on coronary vascular tone in man is difficult to define. A reduction of coronary blood flow after propranolol associated with a widening of the arterial-coronary sinus oxygen difference has suggested a vasoconstrictor effect,34 3 while narrowing of transcoronary oxygen difference after,8 blockade is consistent with reduction of myocardial metabolism. 23 The increase in myocardial oxygen consumption due to the elevated rate-pressure product during CPT was associated with an inappropriate increase in coronary vascular resistance in patients with CAD. 4 The potentiation of coronary vascular resistance during CPT after ,3-adrenergic blockade occurred with identical CPT-induced changes in the ratepressure product, suggesting that enhanced a-adrenergic tone, rather than diminished myocardial metabolic demand, was responsible for the further increase in coronary vasoconstrictor tone. Experimental control of the three major determinants of myocardial oxygen consumption and coronary blood flow in humans is difficult. We attempted to minimize changes in myocardial oxygen consumption induced by the negative chronotropic effect of propranolol by coronary sinus pacing at a constant subanginal rate. However, myocardial oxygen consumption might still be reduced after propranolol due to negative inotropic properties,34 which are not completely eliminated by pacing at elevated heart rates.37 Reductions in coronary flow might occur partially as a result of reduction of myocardial inotropic state by propranolol and, although small, represent an appropriate autoregulatory change in coronary vascular resistance. However, previous studies of the effect of propranolol on the coronary circulation by Schang and Pepine,37 Armstrong et al. 36 and Stephens et al.,3 focusing on drug effects at rest and during atrial pacing, suggest that the metabolic effects of propranolol are related more to the negative chronotropic than to the negative inotropic properties of the drug.
Patients with CAD constitute a heterogenous population, and it is not surprising that the response of coronary vascular resistance to CPT was variable. This variability was also evident in the normal patients ( fig.  3) . We postulate that severe CAD and associated chronic myocardial ischemia result in vasodilation of the precapillary arterioles when the vasodilatory capacity of the coronary circulation approaches its maximal state. In this setting, when patients with severe CAD are subjected to sympathetic stimulation, no further vasodilatory capacity remains and neurally mediated coronary vasoconstriction rather than metabolically induced coronary dilation predominates. One explanation for the wide variability in CPT responses may be the amount of remaining coronary vasodilatory reserve. All patients were atrially paced to subanginal heart rates to eliminate the influence of a change in heart rate due to propranolol or CPT and, as importantly, to stress or exhaust the vasodilatory reserve to minimize metabolic autoregulatory mechanisms and, thus, leave the coronary circulation subject to predominant neural regulation.
Coronary artery spasm may involve the precapillary coronary arteriolar resistance. Maseri and co-workers2 emphasized that many patients with unstable angina or obstructive CAD have increases in coronary vasomotor tone that can provoke myocardial ischemia. This study demonstrates that ,8-adrenergic blockade can potentiate an increase in coronary vasomotor tone during a nonspecific neurogenic stimulus in some patients with CAD. Although the clinical significance of these observations is unknown at this time, the results presented offer further support for the following hypothesis. Because coronary blood flow may be altered by shifting the balance on a physiologic continuum between severe fixed atherosclerotic stenosis and frank coronary spasm, a subset of patients with CAD may have superimposed increased coronary vasoreactivity. In these patients, during periods of increased sympathetic stimulation such as marked cold exposure, emotion, exercise, or unstable angina refractory to conventional therapy, propranolol may accentuate coronary artery vasoconstrictor tone and exacerbate myocardial ischemia.
ALTHOUGH the cause of coronary arterial spasm is unknown, several studies over the past 10 years have suggested that episodes of spasm may be mediated by stimulation of the a-adrenergic receptors of large coronary arteries. Studies in experimental animals have shown that coronary blood flow can be influenced markedly by stimulation or blockade of these a-adrenergic receptors. ' Some reports have strongly suggested that in patients with variant angina, a-adrenergic stimulation can induce clinical episodes of spasm, whereas a-adrenergic blockade is effective in alleviating these episodes.7-10 However, these studies were relatively brief and were not randomized or doubleblind. Therefore, we designed a long-term, placebocontrolled, randomized, double-blind study to assess the efficacy of prazosin, an a-adrenergic blocking agent, in patients with variant angina.
Methods Patients
Six male patients, mean age 49 years (range 35-57 years) , who had variant angina were enrolled in a 41/2-month comparison of placebo and prazosin (packaged appropriately for a double-blind study). All six patients had recurrent episodes of angina at rest in conjunction with transient ST-segment elevation (at least 0.2 mV) on a standard 12-lead ECG, and in five, coronary arterial spasm was demonstrated angiographically. None of the six patients complained of exertional chest pain or had evidence of exercise-induced coronary arterial spasm. They had complained of angina at rest for 1. 
